In addition to being a tumor suppressor gene, Wt1 omission of the three amino acids KTS between zinc has been shown to fulfill important functions during fingers 3 and 4. In vitro experiments suggest distinct embryonic development. Analysis of Wt1 expression in molecular functions for ϩ and ϪKTS isoforms. We the mouse demonstrated a developmentally dynamic have generated mouse strains in which specific isoexpression pattern with an onset at E9.5 within the uroforms have been removed. Heterozygous mice with a genital ridge (Armstrong et al., 1993). During kidney dereduction of ϩKTS levels develop glomerulosclerosis velopment, Wt1 is expressed at low levels within the and represent a model for Frasier syndrome. Homozyuninduced metanephric blastema, and increases durgous mutants of both strains die after birth due to ing condensation and the formation of comma-and kidney defects. Strikingly, mice lacking ϩKTS iso-S-shaped bodies. In the adult kidney, Wt1 remains to forms show a complete XY sex reversal due to a drabe expressed within the visceral epithelial cell layer of matic reduction of Sry expression levels. Our data the mature glomerulus, the podocytes. During gonad demonstrate distinct functions for the two splice varidevelopment, Wt1 expression can be found within the ants and place the ϩKTS variants as important regulacoelomic epithelial cell layer, as well as the developing tors for Sry in the sex determination pathway.
and to clarify the function of the ϩ and ϪKTS proteins double replacement strategy to introduce the Frasier mutation (GT → GC) into ES cells (details on request). in development, we have introduced specific mutations One clone carrying the single nucleotide mutation was into the endogenous Wt1 locus, designed to interfere generated and used for the production of chimeric mice. with the production of one of the two variants. Here, we Animals homozygous for this point mutation showed a show that mice expressing only ϩKTS or only ϪKTS phenotype identical to that found in mice generated with isoforms have severe defects in kidney and gonad forthe Cre-loxP strategy. In addition, compound heterozymation. Importantly, ϩKTS and ϪKTS ablated mice gous mice carrying one KTS and one Frasier allele (genshow clearly different phenotypes, indicating distinct erated by either the Cre-loxP or the double replacement functions for the two splicing variants, in particular, in strategy) developed normally. Hence, the detailed phethe sex determination pathway. notypic analysis described below was performed using mice generated with the Cre-loxP strategy.
Results
We next performed Northern blot analysis of RNA isolated from kidneys of newborn wild-type, heterozyIntroduction of Point Mutations into the Splice gous and homozygous mice to investigate the expresRegion of Exon 9 Specifically Ablates KTS sion of Wt1 RNA. No change of Wt1 levels was detected,
Isoforms of Wt1
suggesting that the introduced mutations have no effect To ablate ϩKTS-specific isoforms, a mutation was introon the overall levels of Wt1 RNA produced (data not duced into the second splice donor site at position ϩ2 shown). To investigate whether the introduced mutain intron 9 (GT→GC) using a Cre-loxP strategy (Figure tions had the desired effect on splicing, RNA isolated 1a). This mutation has been shown to result in Frasier from day 10.5 and 11.5 embryos was subjected to quansyndrome in human patients (Kikuchi et al., 1998). ϪKTS titative RT-PCR analysis with primers in exon 9 and ablation was achieved by replacing the 100% conserved 10. Consistent with earlier publications, wild-type mice GT of the first splice donor site in exon 9 with GG (the showed a ratio of 55/45 for ϩKTS/ϪKTS-specific splice preceding codon was also changed from ACA to ACC isoforms ( Figure 1b) . In contrast, heterozygous Frasier to generate a restriction site for convenient identification and KTS mice showed the expected shift toward the of the mutation). The amino acid sequence (KTS) re-ϪKTS and ϩKTS-specific isoforms, with ratios of 30/ mained unchanged. For easier distinction of the two 70 and 64/36, respectively. No additional bands were newly generated alleles, we will from now on refer to detected, indicating that no abnormal splice products animals carrying the mutation for the ϩKTS ablation were formed. Mice homozygous for the introduced mu-(Frasier mutation) as Frasier mice and for the ϪKTS tations showed only one band (Figure 1b) (Figures 3b and 3e) . In contrast, synaptoday E12.5, Dax1 expression in wild-type males becomes restricted to the boundary of the mesonephros and genipodin ( Figure 3h ) and ␣3-integrin (not shown) staining showed a much less complex glomerular structure, indital ridge, whereas female mice show a more widespread expression throughout the gonad (Figures 5m and 5n ). cating defects in the formation of the glomerular tuft.
Homozygous KTS animals showed an even more seStrikingly, Frasier mice showed female-specific expression in both XY and XX embryos at day E12.5, confirming vere phenotype. The dramatic reduction in kidney size (Figure 2e ) was accompanied by an increase in the strothe sex reversal on the molecular level (Figures 5o and  5p ). To explore whether increased expression of Dax1 mal component, a decrease in the nephrogenic zone (Figure 2h) , and a reduction of the number of glomerular may be responsible for the observed phenotype, we performed quantitative RT-PCR on day 10.5 and 11.5 generations. Those glomeruli that did form were small and dramatically contracted (Figure 2k ). Immunofluoresembryos. No significant increase compared to wild-type Dax1 expression was observed in mice homozygous cence analysis showed a normal distribution of Wt1 expression at all stages of nephron formation. Pax2, while for the Frasier or KTS mutation at day 10.5 (Table 1) . Similarly, real-time PCR analysis of Lhx9, SF1, and normally distributed in wild-type and Frasier mice, showed a much looser appearance of the condensing GATA4, three other genes involved in early gonadal development and differentiation, did not show overt differblastema in KTS animals ( Figure 3f ). Strikingly, synaptopodin ( Figure 3i ) and ␣3-integrin (data not shown) were ences between Frasier and wild-type animals (data not shown). In contrast, KTS animals at E11.5 expressed almost entirely absent in homozygous KTS mice, with only the occasional glomeruli expressing low levels of significantly lower values of Dax1 compared to wildtype mice. these proteins. Taken together, these data demonstrate that the presence of both alternatively spliced isoforms One of the earliest molecular markers of male develop- Despite these clear phenotypic differences, there are mately 25% of that found in wild-type animals ( Figure  6 ). We conclude that ϩKTS isoforms are essential for several organs affected in knockout mice, which seem to develop normally in our animals. For example, adrenal high levels of Sry expression, and hence, the initiation of the male sex determination pathway.
glands and spleen did not show overt abnormalities in either KTS or Frasier mice. Also, in kidney development, both isoforms can substitute for each other to some ϪKTS Isoforms Are Important for Cell Survival The reduced size of gonads in KTS animals suggested degree, and metanephric induction occurs in both models. The partial functional redundancy of ϩKTS and either defects in proliferation or an increase in apoptosis. BrdU labeling at day 11.5 did not show obvious differ-ϪKTS forms may seem surprising, considering their distinct nuclear localization. However, cell culture experiences in the number of dividing cells between wild-type and KTS animals (data not shown). In contrast, TUNEL ments indicate that removing the preferred target can change the nuclear distribution of Wt1 isoforms (Larsson staining demonstrated an increased number of apoptotic cells in homozygous KTS mice in particular in et al., 1995). In addition, biochemical studies demonstrate that many targets of ϪKTS can also be bound by the anterior region of the gonad (Figures 4m-4p ). This increase of apoptosis is reflected in the lack of broaden-ϩKTS, albeit at a much reduced affinity. We have observed no differences in the overall exing of the genital ridge in both male and female KTS mice at day 11.5 (Figures 5e and 5f) It is surprising that Wt1 antibody staining in wild-type of exon 9 for proper splicing. Consequently, this region is highly conserved between mouse and man, and a animals did not show a clearly discernible speckled pattern, which is in contrast to earlier studies (Larsson et comparison with the sequence of Fugu rubripes WT1 shows only a single nucleotide exchange within 19 bp al., 1995). These differences may be explained by the conventional fluorescent microscopy used for our analy- (Davies et al., 2000) . Also, on the phenotypic level, the Frasier mice strongly sis, in contrast to the confocal studies by Larsson et al. (1995) . Alternatively, the lack of speckles may be due to resemble the human syndrome, and heterozygous Frasier animals develop mesangial sclerosis from approxiinteractions between ϩKTS and ϪKTS isoforms, which could result in ϩKTS forms being titrated away from mately 2 months onward. The kidney phenotype in our speckles in wild-type animals. Our newly established Frasier ϩ/Ϫ mice is more pronounced than in human mouse models will allow us to isolate cell lines, which Frasier patients, with most of the glomeruli showing specifically express ϩKTS or ϪKTS variants. These will diffuse mesangial sclerosis rather than FSGS. Such a be important tools to further explore the molecular funcdiffuse mesangial sclerosis is reminiscent of the kidney tion of the different isoforms.
histology seen in Denys-Drash syndrome (DDS) patients, who have exonic mutations within the WT1 gene. n ϭ 5 n ϭ 5 n ϭ 5 n ϭ 3 n ϭ 3 n ϭ 3 E11.5 5.04 6.87 7.1 7.05 1.31 1.96 NA NA n ϭ 6 n ϭ 9 n ϭ 6 n ϭ 3 n ϭ 3 n ϭ 4 RNA was isolated from embryos at day E10.5 to E11.5 and subjected to quantitative PCR using the LightCycler (mean values are given). No substantial differences in Dax1 expression levels were detected at E10.5. However, at E11.5, homozygous KTS animals showed significantly lower levels. In conclusion, our data suggest two distinct functions section was reduced in KTS animals, despite the fact for Wt1 in gonad formation and sex determination. Prolifthat Wt1 is not expressed in this epithelial tissue. Hence, eration of the coelomic epithelium leads to the developwe can speculate that factors derived from a functional ment of the undifferentiated gonad. ϪKTS isoforms are glomerulus may stimulate the growth of the tubular epirequired for the survival of the gonadal primordium, and thelium. The almost complete absence of synaptopodin KTS mice show increased apoptosis. In male gonads, and ␣3-integrin expression suggests that ϪKTS isothe sex determination process is initiated by the expresforms are required for an early differentiation step of the sion of Sry. Absence of ϩKTS variants leads to a reducpresumptive podocyte layer into the visceral epithelium. tion of Sry expression levels and, consequently, the abThe molecular mechanisms leading to the developsence of Sox9 and MIS activation. ment of footprocesses are not very well understood. Recently, however, several genes involved in glomerular diseases have been cloned, most of which are structural 
Hence, it is likely that the DDS phenotype in man is

Electron Microscopy Detection of ϩ/ϪKTS Variants by RT-PCR
Cortical tissue of kidneys of newborn mice was fixed in a solution Wt1 exon 9 forward primer (5Ј-GTGAAACCATTCCAGTGTAAAAC) containing 4% formaldehyde, 2.5% glutaraldehyde, 2 mM CaCl 2 , was end labeled with ␥-32 P-ATP and combined with exon 10 reverse and 0.1 M cacodylate buffer, pH 7.2, for 2 h at room temperature. primer (5Ј-GCCACCGACAGCTGAAGGGC); PCR conditions: denaPostfixation was carried out with 2% osmium tetroxide and 4% turation at 95ЊC for 10 min; 28 cycles at 95ЊC for 45 s, at 60ЊC for uranyl acetate for 1 h at room temperature in both cases. Tissue 45 s, and at 72ЊC for 45 s; final extension at 72ЊC for 5 min. 10 l pieces were dehydrated in a graded series of ethanol and embedded of PCR products were separated on a 12% PAGE-gel (fragment in PolyBed 812 (Polysciences, UK). Ultrathin sections of 70 nm thicksizes: ϩKTS, 117 bp; ϪKTS, 108 bp). Signals were quantified using ness were prepared with an ultracut S ultramicrotome (Leica, Bena Fuji BAS 2000 Imager.
sheim, Germany) and stained with lead citrate. Electron micrographs The absence of ϩKTS isoforms in the Frasier mice was confirmed were taken with an EM 910 electron microscope (LEO, Oberkochen, by PCR using exon 9 forward primer: 5Ј-GTGAAACCATTCCAGTG Germany). TAAAAC 3Ј and exon 9-10 reverse primer: 5Ј-GGG CTTTTCACTTGT TTTAC 3Ј (PCR conditions as above, but 35 cycles, expected fragment of 101 bp).
Whole Mount In Situ Hybridization
Urogenital ridges from 12.5 dpc embryos were dissected free from other internal organs and left attached to the back. Tissues were Quantitative RT-PCR Analysis RNA for Dax1 expression analysis was extracted from day 10.5 and fixed with 4% PFA in PBS over night at 4ЊC. Further processing of embryos and in situ hybridization was carried out essentially as 11.5 embryos and subjected to two-step RT-PCR. Dax1 levels were quantified with a LightCycler kit (DNA Master Hybridization Probes; described by Wilkinson (1992) . Sox9 probes were synthesized according to Morais da Silva et al. (1996) . The MIS plasmid was kindly Roche) using primers 5Ј-AGATGATGGAGATCCCGGAG and 5Ј-TCA CAGCTTTGCACAGAGCA for amplification and LC-Red640-CCTG provided by Holly Ingraham (San Francisco). The mouse Wt1 riboprobe was generated from a cDNA subcloned into pBluescript (de-GTGGTAAGCATTTCCTGCGTC-p and GCTCTGGACCTTCGGTCTC CTGCC-X as hybridization probes. Series dilutions of Dax1 cDNA tails on request). The vector to synthesize the Dax1 probe was generated by cloning a RT-PCR product into pBluescript II SK (ϩ). were used to generate the standard curve.
For the analysis of Lhx9, GATA4, SF1, and Sry expression (forward primer: 5Ј-TCAGGAAGAGCGAGAG and reverse primer: 5Ј-ACACCACCTGTGGATCC (Swain et al., 1996 ). Antisense and sense levels, urogenital ridges of embryos staged by tail somite counting digoxigenin-labeled riboprobes were synthesized by in vitro tranGubler, M.C., Yang, Y., Jeanpierre, C., Barbaux, S., and Niaudet, P. (1999). WT1, renal development, and glomerulopathies. Adv. scription using T7-or T3-polymerase (USB).
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Apoptosis Analysis
Hacker, A., Capel, B., Goodfellow, P., and Lovell Badge, R. (1995). Urogenital ridges from 11.5 dpc embryos were dissected, fixed, Expression of Sry, the mouse sex determining gene. Development embedded, and sectioned as described above. 
